Epitaxial superconducting thin films Tl 2 Ba 2 CuO 6+δ (Tl-2201) with a continuous range of doping levels have been synthesized. The films were made by RF magnetron sputtering and two-step postdeposition annealing, and their doping levels were controlled by varying the oxygen content through annealing in flowing argon. By annealing in flowing argon, the as-grown Tl-2201 thin films were changed continuously from the initially overdoped state, through the optimally doped state and then to the underdoped state. The normal state resistivity vs. temperature curves of all the underdoped Tl-2201 thin films are convex, whereas those of the overdoped Tl-2201 thin films are all concave. Deeper underdoping also widens the superconducting transition temperatures due to probably inhomogeneous oxygen diffusion during annealing. Transmission electron microscopy (TEM) bright-field images and selected area diffraction (SAD) patterns of the 58 K underdoped Tl-2201 thin film showed neither twinning bands nor spot-splitting associated with an orthorhombic crystal lattice. Therefore, it is concluded that underdoped Tl-2201 thin films are also tetragonal just like all the overdoped and optimally doped Tl-2201 thin films.
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The recent observation of pseudogap in the normal state of underdoped superconducting single crystals Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) [1, 2] has stimulated a great deal of interest in obtaining underdoped superconducting Tl 2 Ba 2 CuO 6+δ (Tl-2201) thin films, because the structural simplicity of Tl-2201 (only one CuO 2 plane in each unit cell and tetragonal crystal lattice which means that the a and b directions in the CuO 2 plane are structurally and electronically equivalent) in comparison with Bi-2212 and YBa 2 Cu 3 O 7-δ (YBCO), and the unavailability of underdoped Tl-2201 single crystals. Since the first brief report of successful synthesis of underdoped Tl-2201 thin films [3] , the demand for underdoped Tl-2201 thin films for studying the properties of both the normal and superconducting states was overwhelming. Here we present a study on the growth and characterization of underdoped Tl-2201 thin films by RF magnetron sputtering and two-step post-deposition annealing. The characterization methods we used include X-ray diffraction (XRD), four-probe transport T c measurements, transmission electron microscopy (TEM) bright-field imaging and selected area electron diffraction (SAD) patterns.
Since the as-grown Tl-2201 thin films are always overdoped by excess oxygen (hereafter called overdoped), underdoped Tl-2201 thin films can only be obtained by a prolonged annealing of the asgrown films in an inert atmosphere at an appropriate temperature. The annealing temperature should be kept as low as possible to avoid any structural change during the annealing, but it should be high enough to take out enough excess oxygen. The detailed description of the growth and characterization of the overdoped and optimally doped Tl-2201 thin films has been reported previously [4, 5] . Briefly, the sputtering source was prepared by pressing and sintering an intimate mixture of Tl 2 O 3 + 2BaO 2 + CuO which had been preheated twice with one intermediate regrinding. The precursor films were deposited on (100) SrTiO 3 substrates by RF magnetron sputtering with substrates kept at room temperature during deposition. The as-deposited precursor films were amorphous and non-superconducting and must be heat-treated at 800 -820°C for 15 -30 minutes to form the epitaxial crystal lattice (after this initial re-crystallization annealing the films are called "as-grown"). The as-grown films are always shiny and appear to be uniform with T c of 11 -12 K. Annealing in flowing argon results in an increase in T c up to 83 K and by controlling the annealing temperature and time, T c can be increased continuously from 11 to 83 K [4, 5] . Additional annealing in flowing oxygen of the 83 K film resulted in a depressed T c down to 5 K [6] . It seems most likely that the low T c (11 -12 K) of the as-grown films and the depressed T c after the additional annealing in flowing oxygen are due to excess oxygen (overdoped) and that annealing in flowing argon removes excess oxygen to approach the more optimally doped state. It was also found that the change of T c is not due to a change in crystal lattice symmetry [5] , but indeed due to change in oxygen concentration in the crystal lattice. in a convex shape of the normal state resistivity. A detailed study on the normal state properties of the underdoped Tl-2201 thin films will be published in a separate paper [7] . Another significant trend is seen in the transition width: the deeper the underdoping, the wider the superconducting transition. The reason for this behavior is not completely clear, but probably due to inhomogeneous oxygen diffusion during annealing in flowing argon. For comparison, the temperature dependence of resistance of typical overdoped and underdoped Tl-2201 thin films were shown in Fig. 3 , which shows clearly that for overdoped Tl-2201 thin film the normal state resistance verses temperature plot is concave, whereas for underdoped Tl-2201 thin film the normal state resistance verses temperature plot is convex.
The structural simplicity of Tl-2201 is one of the two major incentives of this study. The microstructural crystal lattice symmetry of the underdoped Tl-2201 thin films has been studied by TEM utilizing bright-field imaging and SAD techniques. The TEM studies were aimed at distinguishing between the tetragonal and orthorhombic crystal structures by looking at the symmetry of the crystal lattice and looking for evidence of features associated with an orthorhombic structure such as twinning bands in bright-field imaging, spot-splitting in SAD patterns, etc. Plane-view samples were prepared so that the films could be viewed along the [001] axis. Fig. 4(a) shows a bright-field image of the underdoped Tl-2201 thin film with a T c of 58 K in the [001] orientation. Although there are some small domains and second phase particles, there is no evidence of twinning bands anywhere. Fig. 4(b) is the SAD pattern from the same orientation. There is no evidence for twinning either, which would show up as spot-splitting, in this pattern. Finally, Fig. 4(c) shows a bright-field image taken with the sample tilted so that the (200) reflection is very strong. Again, some evidence of twinning bands would be expected in this image if they were there, but there is none. Thus, based on the absence of any twins (in spite of the fact that small domains are seen, meaning that they are not excluded by elastic match to the substrate), it seems safe to conclude that this underdoped Tl-2201 thin film with a T c of 58 K is tetragonal, not orthorhombic. In view of all the results on the structural symmetry of the underdoped, optimally doped, and overdoped Tl-2201 thin films [5] , we conclude that all the Tl-2201 thin films made under our experimental conditions are tetragonal regardless of the doping concentration.
In summary, underdoping is accomplished by prolonged annealing of the overdoped Tl-2201 thin films in flowing argon. The temperature dependence of normal state resistivity of the underdoped Tl-2201 thin films differs conspicuously from that of the overdoped ones. Convex shapes of normal state resistivity vs. temperature curves were observed for all the underdoped films, whereas concave shapes were observed for the overdoped films. TEM bright-field image and SAD patterns revealed that underdoped Tl-2201 thin films are also tetragonal, not orthorhombic, just like all the overdoped and optimally doped Tl-2201 thin films. The annealing temperature and time for each point are: "1"  as-grown; "2"  360°C
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for 20 min; "3"  360°C for 40 min; "4"  360°C for one hour; "5"  380°C for 7
hours, "6"  410°C for 7 hours, "7"  440°C for 7 hours, 
